1 Missense mutations in these regions are frequently associated with human disease, and 2 in some cases can alter substrate specificity. However, current efforts at decoding the 3 influence of mutations on substrate specificity have been focused on disease-associated 4 mutations. Here, we adapted the Proteomic Peptide Library (ProPeL) approach for 5 determining kinase specificity to the task of exploring structure-function relationships in 6 kinase specificity by interrogating the effects of synthetic mutation. We established a 7 specificity model for the wild-type DYRK1A kinase with unprecedented resolution. Using 8 existing crystallographic and sequence homology data, we rationally designed mutations 9 that precisely reprogrammed the DYRK1A kinase at the P+1 position to mimic the 10 substrate preferences of a related kinase, CK II. This study illustrates a new synthetic 11 biological approach to reprogram kinase specificity by design, and a powerful new 12 paradigm to investigate structure-function relationships underpinning kinase substrate 13 specificity. 14 3 INTRODUCTION 15 Through their role in the covalent transfer of phosphate from a donor ATP molecule to a 16 phosphoacceptor serine, threonine or tyrosine in a substrate protein, protein kinases in 17 eukaryotes play key roles in cellular signal transduction, and function as gatekeepers for 18 important events such as cell cycle checkpoints, apoptosis, and the immune response (1, 2).
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Before attempting to reprogram DYRK1A, we first needed to create a sufficiently high-resolution 86 model of wild-type DYRK1A substrate specificity to serve as a reference. We created bacterial 87 expression constructs to express (1) a catalytic domain truncation of human DYRK1A (N137 -88 S496, referred to herein as DYRK1A WT ); and (2) a catalytically inactive DYRK1A triple mutant 89 K188R/D287N/D307N to function as a kinase dead negative control (referred to herein as 90 DYRK1A KD ). Both kinases express robustly in the C41(DE3) E.coli strain as evaluated by 91 western blotting (Fig. S2, lanes 1-3) . Using the in-gel phosphoprotein stain Pro-Q Diamond, we 92 observed DYRK1A WT exhibits strong autophosphorylation, and efficiently phosphorylate E. coli 93 proteins throughout the gel and thus across the proteome. Importantly, DYRK1A KD shows 94 neither autophosphorylation, nor substrate phoshorylation ( Fig. S3A and S3B, lanes 1-3) .
95
Using the ProPeL method, we identified 6,059 unique DYRK1A phosphorylation sites 96 (3,089 pSer, 2,412 pThr, and 558 pTyr) on bacterial proteins. Note that this data set is an order 97 of magnitude larger than that of the human kinase with the largest number of known natural 98 substrates (CDK2, with 514 substrates (12)). Therefore, DYRK1A WT ProPeL data results in 99 high-resolution motifs that offer a dramatic improvement over those created with only the 18 100 known serine and 13 known threonine literature sites (visualized with the pLogo tool in Fig. 2B , 101 2C and Fig. S4A, S4B ). In agreement with previous studies (13, 14), DYRK1A WT exhibited a 102 strong preference for proline in the P+1 position, and basic residues (particularly arginine) in the 103 upstream positions, which together form the optimal consensus sequence RxxS*P (Fig. 2C ).
104
Our data confirms the recent suggestion in the literature that DYRK1A can phosphorylate 105 substrates with alternative residues in the P+1 position (14); beyond a strong P+1 preference for 106 proline, DYRK1A WT also efficiently phosphorylates substrates with hydrophobic residues 107 (particularly valine and alanine), or arginine in the P+1 position. While these residues are 108 statistically significant in the P+1 position for serine P-sites, they fail to occur at statistical 7 significance for threonine P-sites ( Fig. S4B ). Threonine P-site substrate specificity, therefore, 110 may be more dependent on the P+1 proline than are serine P-site substrates. There is also a 111 strong, previously unreported hydrophobic cluster present at P+2 for both serine and threonine 112 substrates. DYRK1A does not exhibit a significant phosphotyrosine motif ( Fig. S4C ), however 113 our 558 unique tyrosine phosphorylation sites in E. coli clearly indicate that DYRK1A is capable 114 of phosphorylating tyrosine substrates in trans, and that phosphotyrosine activity is not 115 restricted to autophosphorylation, as previously thought (13, 18).
116
Using the pLogo tool and an internal version of the motif-x program (19, 20), we 117 evaluated dependence between motif positions. It is important to note that while we identify 118 tryptic peptides by tandem mass spectrometry, the kinase-substrate interaction that produced 119 the phosphorylation event occurred in the context of full-length substrate proteins. Therefore, we 120 are able to map tryptic fragments back to the known E. coli proteome and extend sequences 121 beyond the detected tryptic fragment, allowing us to analyze the presence (or absence) of 122 multiple upstream basic residues. This analysis revealed that although there is a strong 123 correlation between P+1 proline and upstream basic residues ( Fig. S5A, S5B ), there is no 124 significant correlation between multiple upstream basic residues ( Fig. S5C to S5F). Therefore, 125 the optimal motif sequence is actually RxxS*P, and not RRRRxS*P, which is the broad motif 126 without respect to any interdependent substrate residues. Substrates conforming to RxS*P,
127
RxxxS*P, and RxxxxS*P with single arginines are thus also favored, but less so than those with 128 RxxS*P. We note that multiple arginines are actually not favored for substrate recognition, 129 although they do not appear to be clearly disfavored either. The complete list of statistically 130 significant motif classes for DYRK1A (and all kinases within this study) identified by motif-x can 131 be found in Table S2 .
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To verify the specificity of our DYRK1A model amongst other known kinases, we 133 performed an in silico analysis using our high-resolution DYRK1A motif. We scored known 134 human DYRK1A substrates, an equivalent number of substrates randomly selected from the 135 human proteome, as well as known substrates for other kinases from the remaining 136 serine/threonine kinase families (12). Our motif was able to accurately discriminate known 137 DYRK1A substrates from random substrates and also performed well in discriminating against 138 non-DYRK1A kinase substrates ( Fig. S6 ).
140
Mutation of Q323 reduces wild-type DYRK1A P+1 proline preference
141
As introduced earlier, DYRK1A P+1 substrate preference is hypothesized to be imparted by a 142 hydrogen bond between the side-chain nitrogen of the CMGC-conserved arginine (DYRK1A R328 ) 143 and the main-chain oxygen of a non-glycine residue (DYRK1A Q323 ) undergoing torsional strain 144 ( Fig. 2A, (15, 16) ). This hydrogen bond should thus neutralize the main-chain oxygen's dipole 
191
To facilitate the direct comparison of each mutant DYRK1A with the wild-type kinase, we 192 performed an in silico differential analysis between the DYRK1A WT and mutant DYRK1A data 193 sets.
Typically pLogos will highlight significant motifs in kinase substrates by using 194 phosphorylation sites as a foreground data set, and amino acid frequencies from the organism's 195 proteome to determine background probabilities. In order to directly compare each DYRK1A 196 mutant to DYRK1A WT , we still used each mutant DYRK1A data set as the foreground, but then 197 used our 6,059 DYRK1A WT phosphorylation sites instead of the E. coli proteome as a 198 background data set. The resulting "differential pLogos" display residues that are over-and 199 underrepresented in the respective mutant DYRK1A substrate pool relative to the wild-type 200 kinase (DYRK1A WT ) substrates, rather than the background proteome.
201
As already noted, DYRK1A Q323G differs from wild-type by favoring proline less than 202 DYRK1A WT at P+1 and shifting P+1 preference to alanine, and in the differential pLogo, that 203 11 shift is abundantly clear (Fig. 3D and Fig. S7D ). Next, the differential pLogo for DYRK1A R328K 204 ( Fig. 3E and Fig. S7E ) indicates no shift to disfavor proline at P+1 relative to DYRK1A WT , which 205 further confirms the standard pLogo results. A striking feature of the differential pLogo (that is 206 less obvious in the standard pLogo) is an overrepresentation of acidic residues with a 207 concomitant underrepresentation of basic residues at P+1 compared to DYRK1A WT . For
208
DYRK1A QR-GK , the differential pLogo confirms the additive effects of the two mutants, namely 209 the disfavoring of proline and the favoring of acidic residues at the P+1 position. We also 210 observed that while arginine remains a positive determinant in the upstream positions for all 211 DYRK1A variants ( Fig. 3A to 3C, and Fig. S7A to S7C), the importance of this upstream region 212 increases slightly but not uniformly in the mutants (note the more significant P-2 arginine in 213 differential pLogos Fig. 3E and Fig. S7D , S7E, but not in Fig. 3D, Fig. 3F nor Fig. S7F ). This
214
suggests that in addition to reprogramming the P+1 substrate preference, there may be some 
241
Exploring the mutation space of the activation segment may also help define the 242 sensitivity of protein kinases to mutational burden (23). As the number of disease-associated 243 missense mutations that localize to the catalytic domain continue to rise (12, 24, 25), our 244 approach provides a powerful system for identifying mutation-induced kinase specificity 
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Over the course of many mass spectrometry runs, many different phosphoenrichment strategies 287 were evaluated. Ultimately, we concluded that the most efficient sample preparation was a 288 simple TiO 2 enrichment step, as described below. However, data from the other methods were 289 collected and accumulated for the DYRK1A WT pLogo, and as such is summarized below. All 290 mutant DYRK1A data were obtained using simple bulk TiO 2 enrichment.
292
TiO 2 bead enrichment.
293
Phosphopeptide enrichment using bulk TiO2 beads (Titansphere 5 µm, GL Sciences) was 388 Table S1 . Mass spectrometry data.
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